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ABSTRACT 


-1  Static  fatigue  resistance  of  optical  fibers  has  been 
achieved  through  passivation  of  the  fiber  surface  by  a  novel  CVD- 
silicon  oxynitride  coating  which  is  deposited  on-line  during 
fiber  pulling.  Static  fatigue  susceptibility  less  than  one-sixth 
that  of  conventional  fiber  has  been  achieved.  In  addition,  high 
proof  stress  yields  have  been  achieved  at  2.1  GPa  (300,000  psi). 
In  tests  of  the  most  recent  21,150  m  of  MCVp  fiber  proof  tested 
at  2.1  GPa,  nine  pieces  longer  than  900  m  passed  the  test. 
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1 .0  INTRODUCTION 

High  strength  (0. 7-2.1  GPa)  fatigue  resistant  optical  fibers 
are  desirable  for  a  variety  of  systems  applications  in  lengths  ranging 
from  as  little  as  1  meter  to  10-30  km  or  more.  Optical  fibers  belong  to 
that  class  of  brittle  ceramic  materials  which  are  susceptible  to  static 
fatigue  or  stress  corrosion  cracking. ^  Static  fatigue  is  the  stress 
assisted  slow  growth  of  microcracks  leading  eventually  to  catastrophic 
mechanical  failure.  It  occurs  via  attack  by  atmospheric  moisture  and 
other  ambient  impurities  as  shown  schematically  in  Fig.  1.  There  are  a 
number  of  ways  to  guard  against  fiber  fatigue  including 

(1)  ensuring  a  low  stress  level  by  surrounding  the 
fiber  with  strong  (and  expensive)  cable, 

(2)  fabricating  a  very  high  strength  fiber  to  ensure 
only  small  microcracks  that  won't  grow  to  catastro¬ 
phic  size  during  the  fiber  lifetime  (1-30  years), 

(3)  building  in  a  surface  compressive  stress  which  must 
be  overcome  before  microcracks  will  grow,  and 

(4)  sealing  the  fiber  (and  existing  crack)  surface  from 
the  environment  with  a  hermetic  seal  such  as  silicon 
oxynitride  so  that  the  cracks  cannot  grow. 

Qptions(l)  and  (2)  are  quite  expensive,  and  in  fact  (1)  is  an 
unacceptable  choice  for  the  military  need  of  a  lightweight,  compact  pay¬ 
out  reel.  Short  gauge  length  (1-50  m)  fibers  can  be  made  exceedingly 
strong,  approaching  7  GPa,  but  it  is  generally  accepted  practice  in  the 
industry  that  for  a  non-fatigue  resistant  optical  fiber,  the  proof  stress 
level  should  be  at  least  three  times  the  service  stress,  and  this  results 
in  unacceptably  low  production  yields  (approaching  0)  for  2.1  GPa  fiber 
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Figure  1.  Schematic  of  crack  growth  in  optical  fiber 

subjected  to  static  stress  leading  to  eventual 
static  fatigue  failure. 
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in  1-10  km  lengths.  Compressive  strengthening  is  an  option  which  has 
produced  strong  fibers  with  a  measurable  increase  in  fatigue  resist¬ 
ance,^  but  the  most  attractive  alternative  still  remains  a  hermetic 
coating  to  protect  the  fiber  against  crack  growth. 

A  number  of  different  coatings  have  been  applied  to  protect 

the  surface  including  a  variety  of  organic  compounds,^  metals  ^ 

(55 

and  carbon.  '  In  this  final  report  for  Contract  No.  N00123-80-C-0245 
we  will  focus  on  the  strength  and  fatigue  properties  obtained  at 
Hewlett-Packard  by  on  line  application  of  a  thin,  vitreous  silicon  oxy¬ 
nitride  coating  to  the  optical  fiber. 

The  scope  of  this  phase  of  the  research  effort  includes: 

(1)  fabrication  of  silica  clad  preforms  capable  of 
yielding  continuous  lengths  of  fiber  >  10  km 
long, 

(2)  drawing  the  preform  to  a  fiber  diameter  either 
125  urn  or  140  ym  in  diameter, 

(3)  application  of  a  pinhole  free  silicon  oxynitride 
film  which  increases  fiber  resistance  to  static 
fatigue  wui.out  introducing  either  weak  flaws 
(<  2.1  GPa  )  or  optical  loss,  and 

(4)  demonstration  of  fiber  strength,  fatigue 
resistance  and  microbending  properties  by  exten¬ 
sive  mechanical  and  optical  characterization. 


The  principle  results  to  date  include  generation  of 

(1)  large  preforms  containing  10  -  15  km. of  optical  fiber,  and 

(2)  reproducible  silicon  oxynitride  coated  fibers  with  extremely  tight  and 
unimodal  Weibull  distributions  which  pass  a  2.1  GPa  prooftest  in 

lengths  exceeding  1  km,  exhibit  static  fatigue  parameters 
u  =  1/n*  <  0.01  and  have  mean  strengths  of  2.8  GPa.  These  results 
are  obtained  by  an  atmospheric  pressure  chemical  vapor  deposition 
process  at  fiber  draw  rates  of  0.3  -  1.2  m/s.  Because  of  the 
high  degree  of  fatigue  resistance  exhibited  by  these  fibers,  the 
proof  stress  required  to  assure  a  given  static  fatigue  life  is 
greatly  reduced  compared  to  that  required  for  a  conventional  fiber. 

For  example,  to  assure  a  lifetime  of  30  years  under  2.0  GPa  static 
stress,  the  silicon  oxynitride  coated  fiber  would  need  to  pass  a 
1  second  proof  stress  at  2.35  GPa,  while  a  conventional  fiber  would 
need  to  pass  a  1  second  proof  stress  at  5.40  GPa. 


*  n  is  the  standard  fracture  mechanics  coefficient  which  describes 
static  fatigue.  See  for  example.  Reference  1. 
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FIBER  FABRICATION 


2.1  Specifications 

In  this  program  we  have  developed  the  silicon  oxynitride 
coating  process  using  both  firepolished  Suprasil^™^  rods  and  silica 
clad  preforms  made  by  the  modified  chemical  vapor  deposition  (MCVD) 
process.  The  specifications  for  the  optical  properties  of  the  MCVD 
fibers  have  been  driven  by  military  and  data  link  specifications  for 
such  fibers  as  given  in  Table  I. 

TABLE  I. 

Fiber  Specifications 


Property 

Data  Link 
(Hewlett-Packard) 

Military  (N0SC 
Strong  Fiber 
Program) 

Core  Diameter 

100  ym 

>  30  un 

Fiber  Diameter 

140  ym 

125  ym  (140  ym 
acceptable) 

Attenuation 

Cabled 

<  10  db/km  @ 

820  nm 

Uncabled 
<  6  db/km  0 

850  nm 

Numerical  Aperture 

0.30 

>0.20  (nominal ) 

Bandwidth 

20-200  MHz-km 

>_  20  MHz-km 

Length 

1  km 

10-30  km 

Strength 

0.7  GPa 
proof test 

2.1  GPa 
prooftest 

Fatigue  Resistance 

maximum 

maximum 
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In  general  we  have  endeavored  to  meet  the  most  stringent  of 
the  two  sets  of  specifications  as  will  be  described  in  detail  -in  the  re¬ 
mainder  of  this  section, which  encompasses  the  MCVD  preform  process,  the 
fiber  drawing  process  and  the  silicon  oxynitride  coating  process. 

2.2  Preform  Fabrication- 

The  MCVD  lathe  is  shown  in  Figs.  2  and  3.  The  MCVD  process 
is  fully  automated,  using  an  HP  9825  calculator  with  HP  6940  and 
HP  2240  processors  to  ensure  run- to-run  reproducibility.  The  lathe 
is  housed  in  “  laminar  flow  clean  air  hood  to  keep  contaminants  away 
from  the  surface  of  the  preform. 

The  starting  tube  is  a  Heraeus-Amersi 1  T08  WG  Si O2  tube 
27  mm  O.D.  x  1  or  1.5  m  wall  thickness .  The  1  m  long  tube  is  joined 
at  one  end  to  a  5  cm  diameter  Si 0^  tube  located  at  the  exhaust  end  of 
the  lathe  which  collects  some  of  the  excess  soot  deposited  in  the  pro¬ 
cess.  The  tube  is  mounted  on  the  lathe  after  a  light  rinse  in  HF 
followed  by  washing  in  TCE,  and  then  fi repolished  at  temperatures 
greater  than  2000°C  to  clean  both  the  inner  and  outer  surfaces  of  the 
tube.  An  internal  pressure  control  scheme  maintains  a  constant  tube 
diameter  during  both  the  firepolish  and  deposition  stages.  Despite 
extensive  firepolishing,  numerous  light  scattering  centers  sometimes 
remain  on  the  tube  surface,  but  most  of  these  gradually  disappear  as 
the  deposition  proceeds. 

In  the  standard  process,  a  cladding  layer  of  P^O^-SiO^  or 
8203-S102»  is  deposited  in  10  torch  passes,  followed  by  a  P^-GeO^-SiQ,, 
deposition  of  65  passes.  The  tube  is  then  collapsed  to  produce  a  finished 


core 
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preform  with  outer  diameter  up  to  17.5  mm.  The  steady  state  deposi¬ 
tion  length  is  70  cm  which  yields  >  10  km  of  140  urn  diameter  fiber. 
During  the  collapsing  process,  the  surface  temperature  of  the  pre¬ 
form  exceeds  2300°C,  and  a  significant  amount  of  SiOj  is  vaporized 
from  the  surface,  which  prepares  the  preform  for  drawing  into  fiber 
without  further  cleaning.  The  average  deposition  rate  is 
0.4  -  0.6  gm/min  and  the  preform  preparation  process  takes  approxi¬ 
mately  16  hours  for  a  0.3Q  NA  preform,  including  tube  cleaning,  set 
up,  collapse  and  removal  from  the  lathe. 

The  preform  is  stored  in  a  clean  transfer  container 
while  awaiting  fiber  drawing,  and  one  preform  has  been  stored  six 
months  with  no  degradation  of  the  2.1  GPa  prooftest  yield. 
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2.3  Fiber  Drawing 


The  preform  is  drawn  to  an  optical  fiber  in  the  apparatus  shown  in 
Figures  4  and  5.  The  4  meter  drawing  tower  contains  an  absolute  filter 
mounted  at  the  top  which  provides  laminar  flow  air  to  the  preform. 

Periodic  particle  counts  using  a  Royco  particle  counter  in  the 

3 

vicinity  of  the  puller  indicate  an-  average  of  0-1  particles/ft  -  min 
within  the  enclosure. 

The  ZK>2  induction  furnace  is  driven  at  3.8  MHz  to  2300°C 
(controlled  to  +  1.0°C)by  a  Uepel  RF  generator,  and  is  designed  to  provide 
a  quiescent  air  atmosphere  at  the  neckdown  region  while  preventing  any  stray 
Zrt>2  particles  from  reaching  the  fiber.  The  fiber  is  drawn  by  a  capstan 
and  wound  onto  the  15  cm  diameter  take  up  drum  at  low  tension. 

The  fiber  is  coated  with  80  um  of  thermally  cured  silicone  as  it  is 
drawn,  and  the  diameter  of  the  uncoated  and  coated  fiber  is  monitored  by  a 
pair  of  Lasermikes^^.  The  upper  Lasermike^^^  also  controls  the  fiber 
diameter  to  +  0.5  urn  (one  sigma  value)  at  140  urn  by  an  HP  9825  calculator 
driven  feedback  loop  to  the  capstan  and  to  the  preform  drive. 

All  important  process  parameters  are  control  Ted  and  datalogged  by 
the  HP  9825  calculator  including  preform  rate,  fiber  draw  rate,  ZrOj  furnaca 

temperature,  silicone  thickness  and  silicone  cure  temperature.  A  plot  of  the  data 
generated  during  a  typical  run  is  shown  in  Figure  6. 

The  drawn  fiber  is  then  either  characterized  optically  and  mechanically 
as  is,  or  it  is  coated  with  Hytrel^^  to  1 .0  mm  diameter  in  a  separate  extrusion 
operation.  The  Hytrel^™^  extrusion  is  particularly  useful  for  prooftesting 
at  stresses  greater  than  0.7  GPa  since  the  soft  silicone  jacket  is  easily  abraded 
and  torn  by  the  rotating  belts  o.f  the  prooftester. 
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Figure  6.  Data  logged  during  a  fiber  draw 


2.4  Silicon  Oxynitride  Deposition 

The  silicon  oxynitride  reactor  is  placed  just  above  the  silicone  coating 
cup  for  application  of  the  thin  fatigue  resistant  oxynitride  film.  Silane 
and  ammonia  in  a  diluent  of  nitrogen  are  introduced  at  one  end  of  the  heated 
reactor  while  exhaust  gases  and  particulates  exit  the  other  end.  The 
reactor  operates  at  near  atmospheric  pressure  with  baffles  and  pressure 
differentials  to  exclude  oxygen  (which  reacts  preferentially  with  the 
silane  to  form  SiO^),  and  to  keep  any  unreacted  silane  or  ammonia  from 
escaping.  The  silane  and  ammonia  are  kept  in  negative  pressure  gas 
vaults  plumbed  directly  to  vents  on  the  roof  of  the  building,  and  welded 
stainless  steel  piping  is  used  throughout  the  system.  Effluents  from  the 
oxynitride  reactor  are  exhausted  to  the  building  scrubbing  system  which 
is  capable  of  handling  the  usual  array  of  toxic  semiconductor  wastes. 

Appropriate  laminar  flow  conditions  are  achieved  inside  the  reactor 
(schematically  shown  in  Figures  4  and  7}  to  minimize  the  chances  of 
particulates  formed  in  the  homogeneous  vapor  phase  reaction  from  sticking 
to  the  fiber  and  causing  possible  weak  flaws. 

The  reaction  proceeds  in  the  absence  of  oxygen  according  to  the 
approximate  relation 

3  Si H4  +  4  NH3— *>Si3N4  +  12  Hg.  (1) 

Silane  starts  to  decompose  at  500°C  to  form  free  silicon,  and  will  also 
react  spontaneously  with  atmospheres  containing  greater  than  3%  oxygen  at 
room  temperature.  To  exclude  these  unwanted  side  reactions,  nitrogen  is 
used  as  a  diluent,  keeping  the  partial  pressure  of  silane  below  5%  in 
the  reaction  chamber  and  in  the  exhaust  lines. 
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Many  intermediates  are  possible^  in  the  overall  reaction  of  Equation  (1), 
but  are  not  considered  here.  Equation  (1)  is  only  approximate  because 
amorphous  silicon  oxynitride  is  not  necessarily  stoichiometric  and  is 
quite  often  found  to  be  silicon  rich  unless  large  excesses  of  ammonia  are 
present  in  the  reactor. ^  Other  significant  constituents  of  the  reaction 

/o  \ 

products  include  hydrogen'  '  (up  to  20-25%)  which  can  reside  at  atomic 
defects  or  broken  bonds  in  the  structure,  and  oxygen,  which  reduces  the 
thermal  expansion  mismatch  between  silica  and  silicon  oxynitride.  Although 
reaction  (1)  can  proceed  by  a  variety  of  mechanisms  including  thermal  activa¬ 
tion,^  plasma  assisted  activation^)  or  photoactivation,^ )  only  the 
thermally  activated,  high  temperature,  atmospheric  pressure,  pyrolytic 
reaction  mechanism  has  been  used  during  this  phase  of  the  research,  primarily 

O 

because  of  the  high  deposition  rate  (exceeding  1000  A/s)  required  to  make 
the  online  application  of  a  sufficiently  thick  coating  a  practical  low  cost 
process. 

In  addition  to  silane  and  ammonia,  there  are  a  variety  of  possible 
starting  materials  for  the  reaction,  including  SiCl4  +  NH^,  SiF4  +  NH^, 

SiH4  +  N2H4,  and  SiHCl 3  +  NH^12)  We  have  chosen  S i H4  +  NH3  because  of 
our  experience  in  pyrolytic  deposition  of  high  quality  films  of  silicon 
nitride  in  semiconductor  operations  using  this  reaction. 

A  variety  of  experiments  utilizing  different  reactor  designs 
were  carried  out  to  develop  the  presently  used  silicon  oxynitride  deposition 
process.  The  current  process  is  capable  of  continuously  coating  multi 
kilometer  fibers  with  a  fatigue  resistant  particulate  free  silicon  oxynitride 
film,  yielding  fibers  with  mean  strengths  of  2.8  GPa. 
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3.0 


Silicon  Oxynitride  Characterization 


The  silicon  oxynitride  films  have  been  characterized  by  a 
variety  of  direct  techniques,  including  Auger  analysis  to  determine 
composition  and  thickness,  scanning  electron  microscopy  to  examine  sur¬ 
face  morphology,  and  selective  etching  studies  coupled  with  both  optical 
and  electron  microscopy.  Results.of  these  direct  characterization  tech¬ 
niques  will  be  presented  here,  while  the  results  of  indirect  studies 
such  as  strength  and  fatigue  measurements  will  be  discussed  in  later 


3.1 


Auger  Analysis 

Auger  Electron  Spectroscopy  combined  with  ion  milling  has 
provided  us  with  valuable  information  concerning  the  approximate 
stoichiometry  and  thickness  of  the  silicon  oxynitride  films.  The  hardware 
used  includes  a  Varian  single  pass  CME  with  a  0.3%  energy  resolution  and 
an  integral  electron  gun  which  produces  a  <  5  ym  diameter  electron  beam 
at  energies  between  100  eV  and  10  keV.  Sputtering  is  accomplished  using 
a  Perkin  Elmer  differentially  pumped  ion  gun.  The  system  is  controlled 
and  the  data  is  processed  with  an  HP  1000F  minicomputer. 

The  standard  experimental  conditions  involve  a  2  kV  electron 
beam  at  a  current  of  0.63  microamp.  The  differentially  pumped  ion  gun 
is  run  at  2  kV  with  a  1  mm  square  raster;  the  system  pressure  is  typically 
in  the  low  lO"'7  Torr  range.  Standard  peak  shapes  are  recorded  and  sensi¬ 
tivity  factors  are  calculated  for  each  profile/13,1^  Spectra  for  the 
depth  profiles  are  taken  at  discrete  depths  called  cycles  every  10  -  20 
angstroms  with  1  eV  data  steps.  Sputter  rates  on  standard  thickness  oxides 
are  typically  60  A/min. 

Sample  preparation  has  been  designed  to  minimize  the  problem 

of  sample  charging.  A  small  region  of  the  fiber  is  masked  whi le  the  rest  is 
sputter  coated  wi th  gold.  The  fiber  is  mounted  on  a  30°  tray  in  the  plane  contain i ng 
the  axis  of  the  electron  beam  and  the  sampl  e  normal  .  Aplotoffilm  compos  i  ti  on 

versus  depth  for  a  particular  fiber  is  shown  in  Fig.  0.  The  film 
composition  at  the  nitrogen  peak  is  SiO  ^N-j  26’  This  nitrogen  peak 

O 

occurs  at  a  depth  of  150  A  from  the  film  surface.  The  film  shows  a 
graded  composition  tending  towards  Si02  as  the  original  fiber  surface  is 

O 

approached  at  ^  450  A  depth.  The  repeatability  of  the  technique  has  been 
checked  by  repeated  analysis  of  adjacent  sections  of  the  same  fiber  and 
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Figure  3.  Auger  depth  profile  of  silicon  oxynitride  coated  fiber  no.  1252 


is  estimated  to  be  +  5%  in  composition  and  +  50  A  in  depth.  The 
quantitative  accuracy  of  the  technique  is  harder  to  estimate  since 
comparison  with  known  composition  standards  of  a  different  (flat) 
geometry  is  involved. 

•  However,  the  composition  of  the  fiber  under  the  silicon 

oxynitride  film  should  of  course  be  very  nearly  S^,  and  therefore, 
the  data  can  be  normalized  by  ion.  milling  completely  through  the  film. 
This  was  done  in  Fig.  8.  An  additional  limitation  of  the  technique 
is  that  the  apparent  "grading"  in  the  stoichiometry  may  be  due  in  part 
to  broadening  caused  by  non-uniform  ion  milling  and  other  effects  due  to 
the  small  cylindrical  geometry  of  the  fiber.  Nevertheless,  Auger 
spectroscopy  has  provided  valuable  insights  for  optimization  of  the 
film  properties. 
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3.2  Surface  Morphology 

It  is  generally  recognized  that  fiber  surface  morphology  plays  a 
primary  role  in  determining  fiber  strength.  Intrinsic  strength  is  limited 
by  the  presence  of  surface  flaws,  which  can  be  generated  by  a  variety  of 
mechanisms  including  stress  caused  by  the  presence  of  a  foreign  particle  on 
the  pristine  fiber  surface.  Such  contamination  can  arise  from  dust  particles 
in  the  environment,  or  in  our  case,  silicon  oxynitride  particles  formed 
spontaneously  in  the  vapor  phase  inside  the  silicon  oxynitride  reactor. 

Since  it  is  difficult  to  stop  this  homogeneous  vapor  phase  reaction  from 
occurring,  it  is  essential  to  keep  such  particulates  away  from  the  fiber  sur¬ 
face  by  appropriate  reactor  design  and  reactant  flow  conditions. 

Although  particulate  contamination  ultimately  manifests  itself 

as  a  large  number  of  weak  flaws,  as  determined  for  example  by  prooftesting, 

it  can  also  be  monitored  directly  by  scanning  electron  microscopy  (SEM)  of 

selected  portions  of  the  fiber  surface.  Some  examples  are  shown  in  Figures 

9  -  12.  Morphologies  shown  in  Figures  9-11  (typical  results  from  our 

early  experiments)  are  correlated  with  numerous  weak  flaws  at  tensile 

stresses  greater  than  0.6  GPa.  The  smooth  morphology  shown  in  Fig.  12, 

achieved  with  our  current  process,  results  in  long  fiber  lengths  with  a 

minimum  strength  greater  than  2.1  GPa.  The  flocculates  in  Figures  9-11 

appear  to  cover  a  thin  continuous  filmof  sil  icon  oxynitride  even  though  the 

overlying  deposits  are  themselves  discontinuous.  This  observation  is 

evidenced  by  the  fact  that  the  dynamic  fatigue  resistance  of  these  fibers 

(15) 

was  quite  high  even  though  there  were  large  numbers  of  weak  flaws.' 

In  all  of  the  SEM  observations  to  date,  there  has  been  no  evi¬ 
dence  of  any  pinhole  formation  or  discontinuous  silicon  oxynitride 
coatings.  Absence  of  pinholes  is  supported  by  an  abundance  of  indirect 
evidence  such  as  dynamic  and  static  fatigue  measurements  (see  Section  4). 


_  ii 


The  high  Weibull  slopes  obtained  in  tensile  strength  measurements, 
indicative  of  extremely  uniform  strength  along  long  lengths  of  fiber, 
and  the  high  correlation  coefficients  obtained  in  the  dynamic  fatigue 
studies  preclude  the  presence  of  pinholes  in  the  silicon  oxynitride  films 
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3.3 


Etching  Studies 

Etching  experiments  have  been  performed,  consisting 
of  oxynitrided  and  non-oxynitrided  fibers  etched  for  varying  lengths  of  time  in 
HF.  Surface  morphology  of  these  fibers  etched  for  0,  10,  and  20  s  in  24°C  HF 
is  shown  in  the  SEM  photographs  in  Figures  13  -  15.  The  non-oxyni trided  fibers 
etch  very  smoothly  in  HF,  but  the  oxynitrided  fibers  develop  instabilities 
leading  to  a  roughened  surface,  which  persists  even  after  the  acid  has 
etched  completely  through  the  film.  The  unstable  morphology  is  consistent 
with  the  graded  film  composition  discussed  in  Section  3.1  (ranging  from 
pure  Si02  at  the  inner  surface  to  nearly  stoichiometric  silicon  nitride  at 
the  outer  surface)  coupled  with  an  order  of  magnitude  greater  etch  rate  for 
SiO^.^2^  Any  surface  perturbation  that  does  develop  is  inherently  unstable 
and  leads  to  the  morphologies  shown. 
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Figure  13.  SE”  rvioto  of  oxvnitrided  fiber  (10,000  '<). 
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Figure  14.  SEM  photo  of  oxynitrided  fiber  after  10  s  in  HF 
(10,000  X). 
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Figure  15.  SEM  photo  of  oxynitrided  fiber 
after  20  s  in  HP  (10,000  X). 
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4.0 


Fiber  Strength 


4.1  Intrinsic  Strength  of  Optical  Fibers 

It  is  well  established  theoretically  that  the  intrinsic 
strength  of  pristine  silica  fiber  is  quite  high,  approaching  14  GPa.^) 

This  is  supported  by  the  Griffith  crack  model  and  by  actual  tensile 
strength  measurements  in  inert  atmospheres.^8^  However,  the  measured  tensile 
strength  of  our  silicon  oxynitride  fibers  is  much  lower  than  the  intrinsic 
strength,  even  in  inert  atmospheres,  and  lies  in  the  range  2.8  -  3.5  GPa. 
Although  the  cause  of  the  strength  reduction  compared  to  a  non-nitrided 
fiber  is  not  completely  understood,  there  are  a  number  of  possible  mechanisms 
which  have  been  suggested.  These  are  discussed  in  detail  below: 

(1)  The  silicon  oxynitride  film  is  already  in  tension  because 

of  the  thermal  expansion  mismatch  between  silicon  oxynitride 
and  silica. 

(2)  The  silicon  oxynitride  could  somehow  uniformly  abrade  the 

silica  surface  during  initial  stages  of  deposition. 

(3)  The  silicon  oxynitride  film  could  exhibit  an  intrinsic 

tensile  stress  (present  even  at  the  deposition  temperature). 

(4)  There  could  exist  a  uniform  distribution  of  tiny  pinholes  which 
act  as  stress  raisers. 

(5)  The  tensile  strength  of  silicon  oxynitride  could  be  less  than 
that  of  SiO^. 

It  can  be  demonstrated  by  the  following  analysis  that  thermal 
expansion  mismatch  contributes  only  a  small  portion  of  the  observed  strength 
reduction. 
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A  force  balance  requires 


Ec^.A.  =  0  =  E(e  -  a.ATjA^.  , 

where  cr^  =  axial  stress  in  ith  layer, 

A..  =  cross  sectional  area, 

Ei  =  Young's  Modulus, 
a.j  =  thermal  expansion  coefficient, 
e  =  strain. 


Now, 


'  It 


(5) 


(6) 


For  HPL  fiber  (100  um/140  um  core/clad,  NA  =  .30),  the  materials 
constants  are  estimated  as  follows: 


S i 0^  cladding:  Eq  =  72.3  GPa 

a  =  0.55  x  10"6/°  C 

A  =  J  [(140  um)2  -  (100  um)2] 

Ge02/Si02  core:  a  =  3.0  x  10'6/°  C 
Eq  =  61.1  GPa* 


A  =  J  (TOO  um)2 


♦From  Ref. (19),  NA  =  .36,  EQ  (.435)  +  (72.3  GPa)(.565)  =  65.3  GPa,  therefore 
Eq  =  56.2  GPa.  For  our  fiber,  NA  =  .30  and  doping  will  be  smaller  by  the 
ratio  =  .694.  Therefore,  Eq  =  72.3  GPa  -  (.694)(72.3  GPa  -  56.2  GPa) 

61.1  GPa. 
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Substitution  of  these  values  into  Eq.  (6)  yields 

anet 

or 

a  =  1.65  x  10'6/q  C. 
net 

Assuming  a  value  for  the  thermal  expansion  coefficient  of  a 
thin  amorphous  silicon  nitride  film  to  be  a  =  3  x  10"®/°  the  strain 

in  the  nitride  layer  is 

e  =  (3  -  1.65)  x  10"6/°  C  x  1000°  C  =  1.35  x  10~3  (tensile). 

This  is  the  strain  which  would  be  produced  by  an  axial  tensile  stress 
applied  to  the  fiber  of  (1.35  x  10"3)[(72.3  GPa  =  61.1  GPa)/2]  =  0.09  GPa. 

Thus,  the  calculated  thermal  expansion  mismatch  for  a  deposition 
temperature  ^1000°  C  accounts  for  less  than  0.1  GPa  of  the  total  strength 
reduction  of  2.1  -  2.8  GPa  between  nitrided  and  non-nitrided  fibers. 

The  hyDot.heses  of  uni-form  abrasion  or  a  uniform  and  ubiquitous 
distribution  of  tiny  pinholes  are  both  unlikely,  but  the  etching  results 
obtained  in  Section  3.3  could  be  explained  by  pinholes  as  well  as  the 
unstable  etching  theory  proposed  in  3.3.  However,  the  presence  of 
pinholes  appears  inconsistent  with  the  excellent  fatigue  resistance  of 
these  fibers  (see  Section  4.4). 

The  intrinsic  tensile  strength  of  silicon  oxynitride  is  believed 
to  be  comparable  to  silica  since  the  Griffith  analysis  predicts 
an  intrinsic  strength  proportional  to  Young's  Modulus,  and  reported 
values  of  Young's  Modulus  for  silicon  nitride  are  comparable  to  or  higher 
than  silica. 


(1 .0) (72.3) (0.55  x  10"6)  +  ( . 96 ) ( 61 .1 )(3.0  x  10"6] 
(1  .0) (72 . 3 )  +  ( .96)  (61 . 1  ) 
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The  most  likely  explanation  for  the  uniform  strength  reduction  of 

silicon  oxynitride  coated  fibers  is  the  existance  of  an  intrinsic  tensile  stress 

developed  in  the  film  during  deposition.  The  semiconductor  and  thin 

film  literature  is  replete  with  references  to  intrinsic  stresses  in 

(21  ) 

thin  films  which  can  arise  from  a  variety  of  causes.  A  plausible  model 

for  the  case  of  amorphous  si  1  icon  oxynitride  films  on  optical  fibers  consists 
of  a  nonequilibrium  atomic  arrangement  in  the  film  caused  by  the  extremely 

O 

rapid  deposition  rate  exceeding  1000  A/s.  If  the  film  grows  layer  by 
layer,  each  successive  surface  layer  is  covered  up  within  10  ms.  The 
structure  and  equilibrium  configuration  of  a  surface  layer  certainly 
differs  from  that  of  the  bulk,  since  (1 )  surface  atoms  have  missing  bonds  at 
the  free  surface  and  (2)  the  surface  layer  can  contain  many  missing  atoms. 

If  this  surface  configuration  is  frozen  in  by  the  rapid  deposition  rate, 
the  resultant  defect  structure  in  the  bulk  contains  a  distribution  of 
atoms  separated  by  more  than  their  minimum  free  energy  separation,  and 
the  resultant  increase  in  energy  manifests  itself  in  tensile  strain. 
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4.2  Weak  Flaws 

Long  lengths  of  strong  fiber  require  the  detection  and  elimi¬ 
nation  of  the  sources  of  weak  flaws.  There  are  a  number  of  possible 
■sources  and  we  have  taken  a  variety  of  steps  to  eliminate  them. 

It  is  well  established  that  preform  defects,  including  bubbles, 
inclusions,  scratches  and  surface  particles  will  be  perpetuated  during 
fiber  drawing  and  cause  weak  points  in  the  resulting  fiber.  It  is,  of 

course,  important  to  maintain  a  clean  environment  around  the  preform  opera-  * 

i 

tion  and  to  use  appropriate  torch  tip  design  to  prevent  any  introduction  of 
contaminants.  The  preform  is  transported  to  the  drawing  tower  in  a  protect¬ 
ive  environment  and  thus  is  kept  as  clean  as  possible  up  until  the  actual 
drawing  stage. 

One  of  the  most  important  diagnostic  tools  for  determining  the 
source  of  weak  fiber  flaws  is  fracture  surface  analysis.  The  ends  of  fibers 
which  fail  during  tensile  testing  are  saved  and  examined  in  a  scanning 
electron  microscope  (SEM).  This  examination  can  reveal  the  location  of 
fracture  initiation.  Through  the  use  of  the  X-ray  microprobe  attach¬ 
ment  to  the  SEM,  the  chemical  composition  of  the  region  around  the  fracture 
initiation  site  can  be  examined. 

Figure  16  shows  a  typical  fracture  surface  which  originates  from  a 
weak  (<  1.4  GPa)  failure.  A  smooth  semi-circular  "mirror"  region  is  surrounded  ; 

by  a  "mist"  region  and  then  a  very  rough  "hackle"  region.  T'e  entire  pattern 
appears  to  radiate  from  a  point  on  the  side  of  the  fiber  in  the  center  of  the 
mirror  region.  Studies  of  fracture  in  glass  samples  having  surface  stress 
raisers  at  known  locations  have  shown^^^  that  the  fracture  is  actually  I 

initiated  at  the  point  from  which  the  pattern  appears  to  radiate.  These  studies  I 
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S EM  photo  of  a  fracture  surface 
originating  from  a  0.35  GPa  flaw. 


have  al  so  shown  that  the  mirror  radius  rm  and  the  strength  s  are  related  by: 

S  '■n,'72  '  *  •  (?) 

where  A  is  a  constant  for  any  given  type  of  glare.  For  SiC^. 

A=  2.23MPa  In  addition,  it  has  been  found  that  for  large  semicircular 

flaws  (2  50  ym  radius )  in  glass  samples  several  mill imeters  across ,  the  mi rror 

radius  is  linearly  proportional  to  the  flaw  radius  r  .  For  SiO^,  themirror  is  12.5 

times  larger  than  the  flaw,  so  that 

S  rQ1/2  =  0.283  A  .  (8) 

For  a  flaw  having  strength  S  =  2.1  GPa ,  Equation  8  predicts 

that  the  flaw  radius  is  90  nm.  If  the  strength  is  0.7  GPa,  the  flaw  radius 

is  predicted  to  be  810  nm. 

Fractures  with  mirror  surfaces  originating  at  the  edge  of  the  fiber, 
like  those  in  Figure  16  ,  are  by  far  the  most  common  type  of  fracture.  In 
some  cases,  additional  features  can  be  seen  which  give  further  clues  to  the 
origin  of  the  fracture.  For  example,  in  Figure  17  ,  we  show  a  fracture 
surface  with  a  surface-originating  mirror  surface.  In  contrast  to  the  fractures 
discussed  above,  however,  this  fracture  surface  shows  a  long  scratch  containing 
an  embedded  particle  right  at  the  fracture  origin.  The  particle  was  examined 
by  X-ray  microprobe  analysis  and  found  to  contain  Zr.  The  flaw  may  have 
been  caused  by  the  impact  of  this  particle  on  the  hot  zone  of  the  fiber  in¬ 
side  the  susceptor  in  the  fiber  drawing  tower.  The  depression  produced 
by  the  particle  would  lengthen  into  a  "scratch"  as  the  fiber  lengthened 
by  >  10,000  in  pull ing. 

Figure  18  shows  a  much  less  common  type  of  fracture  surface  with 
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SEM  photo  of  scratch  at  origin 
of  .35  GPa  prooftest  break  (500  X). 


Figure  13.  SEM  photo  o£  a  weak  *law  caused 
by  porosity  in  the  fiber  which 
generated  a  2.i  oFa  prooftest 
break  ; 20. 000  X). 
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voids  present  at  the  origins  of  the  fracture.  Another  uncommon 
type  is  shown  in  Figure  19,  where  the  mirror  surface  appears  to 
originate  in  the  bulk  of  the  fiber.  In  this  case,  microprobe  examination 
indicated  Zr  and  Ce  at  the  point  of  origin.  These  contaminants  may  be 
present  as  inclusions  in  the  natural  quartz  substrate  tubes.  Figure  20 
depicts  a  type  of  fracture  frequently  encountered  in  proof  test  breaks 
at  1.4  -  2.1  GPa  (203-304  kps i ) .  This  surface  appears  to  be  completely 
shattered,  and  there  is  no  symmetrical  mirror  and  hackle  pattern  to 
indicate  the  origin  of  the  fracture.  It  is  likely  that  this  surface  is 
not  even  the  original  fracture  surface  but  rather  an  underlying  surface 
exposed  when  the  end  of  the  fracturing  fiber  shattered  into  pieces. 

One  major  source  of  possible  contamination  in  the  drawing 
process  is  the  zirconia  furnace,  and  about  30%  of  the  0.35  GPa  proof- 
test  breaks  early  in  this  research  were  correlated  with  Zr02  particles. 
The  yttria  stabilized  zirconia  is  suspect  because  it  undergoes  a  phase 
transformation  in  the  range  1400°C  -  1600°C.  Portions  of  the  inside 
surface  of  the  Zr02  susceptor  were  examined  by  SEM,  and  a  variety  of 
potentially  damaging  features  can  be  seen  in  Figures  21  -  23.  Figure  21 
shows  the  as-received  Zr02  tube  covered  with  loose  particles.  The  same 
surface  is  shown  in  Fig.  22  after  thorough  washing.  The  loose  particles 
are  gone  and  the  only  surface  features  visible  are  small  crystallites 
embedded  throughout  the  grain.  However,  after  one  thousand  hours  of 
operation  at  an  average  temperature  of  2000°C,  the  crystallites  appear 
to  be  larger  (as  shown  in  Fig.  23)  and  more  loosely  attached  to  the 
surface.  In  addition,  there  are  visible  pohes  in  the  surface,  which  may 
have  contained  crystallites  that  were  dislodged. 


Figure  19.  SEM  photo  of  an  inclusion  just 
inside  the  edge  of  the  ^icer 
which  caused  a  l.£  GPa  orooftest 
break  (2000  X',. 


We  believe  these  dislodged  crystallites  may  be  responsible  for 
the  weak  flaws,  and  have  pursued  two  paths  to  reduce  this  potential  source 
of  contamination: 

(1)  investigation  of  Zr02  surface  treatments  including 
scrubbing,  etching  and  polishing  to  clean  the  surface. 

(2)  design  of  an  improved  ZrQ^  furnace  with  appropriate 
pressure  gradients  to  prevent  loose  particles  from 
reaching  the  fiber  surface. 

Implementation  of  the  new  furnace  design  has  dramatically  reduced  the 

incidence  of  2.1  GPa  prooftest  breaks  as  discussed  in  Section  4. 

The  cleanliness  of  the  fiber  is  also  quite  important,  as 
(23l  * 

experiments  have  shown'  '  that  particulate  contact  with  the  fiber  before 

it  is  coated  can  substantially  degrade  its  strength  through  the  creation 

of  flaws.  In  our  drawing  tower,  the  fiber  enters  a  protective  sleeve 

above  the  silicon  oxynitride  reactor  immediately  below  the  hot  zone. 

Only  a  short  length  of  fiber  (<  1  cm)  is  exposed  to  ambient  conditions. 

Again,  upon  leaving  the  reactor,  the  fiber  is  enclosed,  protecting  it  from 

any  particulates  in  the  atmosphere  until  it  is  coated.  There  are  particulates 

formed  in  the  reactor  (discussed  in  Section  3.2),  but  aside  from  these 

reactor-created  particles,  the  fiber  surface  is  well  protected. 

A  correlation  between  fiber  drawing  tension  and  flaw  density  has 
(241 

been  previously  documented.'  '  Fibers  drawn  at  low  temperature  with 
tension  >  10  grams  have  a  significantly  higher  density  of  weak  flaws 
(  strength  <  4  GPa)  than  fibers  drawn  at  higher  temperature  and  lower 
tension.  The  physical  mechanism  is  most  likely  the  incomplete  healing  of 
preform  flaws  in  the  hot  zone  resulting  from  the  higher  glass  viscosity  present 
during  higher  tension  drawing.  In  our  puller,  the  tension  has  been  measured 
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to  be  10  -  30  grams  below  the  coating  cud  using  a  hand-held  Tensitron^™^ 
gauge.  The  tension  is  less  in  the  drawing  region  above  the  coating 
cup,  but  has  not  yet  been  measured. 

After  drawing,  the  silicone  coated  fiber  is  kept  once  again  in 
a  clean  environment  until  it  can  be  coated  with  a  further  protective 
jacket  of  Hytrel .  An  additional  experimentally  determined  cause 

of  weak  (<  2.1  GPa)  flaws  is  nonuniformity  of  the  silicone  coating, 
which  results  in  occasional  thin  spots  in  the  silicone  and  also  leads 
to  bumps  in  the  Hytrel.^™^  By  appropriate  modification  of  the  silicone 
coating  cup,  the  frequency  of  thin  spots  in  the  silicone  was  reduced  from 
one  every  1-10  meters  to  less  than  one  every  300  meters.  Table  II 
summarizes  the  prooftest  yield  of  silicon  oxynitride  coated  fibers 
fabricated  with  and  without  the  improved  silicone  flow  conditions. 

Further  work  is  in  progress  to  locate  the  causes  of  the  weak  points  which 
still  remain.  This  research  is  directed  toward  three  main  approaches: 

(1)  correlation  of  proof  test  yield  with  fabrication  conditions,  (2)  correlation 
of  specific  break  locations  with  the  locations  of  fabrication  anomalies,  (3) 
and  continuing  analysis  of  fracture  surfaces. 
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Table  II.  Yield  of  silicon  oxynitride  coated  fibers 
prooftested  at  2.1  GPa  (304  kpsi). 


• 

Fiber  Fabricated  with 
standard  silicone  coater 
(open  cup) 

Fiber  fabricated 
with  improved 
silicone  coater 
(shorter  meniscus) 

Total  length  proof  tested 

281 1 

21150 

Longest  piece  surviving  test 

432 

1349 

Cumulative  yield*  =  400  m 

432 

14266 

Cumulative  yield*  =  800  m 

0 

1 

9620  i 

Cumulative  yield*  =  1200  m 

0 

i 

3821 

Cumulative  yield  is  defined  as  the  cumulative  length  of  all  pieces 
surviving  the  proof  test  with  an  u  broken  length  longer  than  the 
stated  length. 


4.3  Experimental  Mechanical  Characterization  Results 

4.3.1  Instron  Tensile  Test 

One  of  the  principle  instruments  used  in  the  HP  optical  fiber 
strength  tests  is  an  Instron  Model  1122  Tensile  Tester. (25)  This  machine 
(see  Figure  24)  is  capable  of  testing  short  samples  of  fiber  (up  to 
0.5  m  guage  length)  at  strain  rates  of  1.4  x  10  s~  to  2.8  x  10 
s'1. 

This  instrument  is  best  suited  to  the  precise  determination 
of  the  mean  failure  strength  and  the  distribution  of  failure  strengths 
of  *0.5  m  fiber  samples.  By  performing  tests  at  several  strain  rates, 
the  fatigue  properties  of  the  fiber  can  be  evaluated  (see  Section  4.4 
for  further  discussion).  Tests  on  this  instrument  also  give  informa¬ 
tion  about  the  density  of  weak  points  along  the  fiber  but  only  if  long 
lengths  of  fiber  (on  the  order  of  one  km  or  more)  are  tested.  Thorough 
evaluation  of  weak  points  with  this  machine  is  impractical  because  the 
rate  of  testing  is  only  150  m  per  working  day.  Such  tests  are  better 
performed  with  the  20  m  tensile  tester  or  the  proof  tester  (see  below). 
The  Instron  can  also  be  used  for  tests  of  fiber  strength  in  a  variety 
of  environments  and  a  variety  of  temperatures  by  installing  an  environ¬ 
mental  chamber  around  the  test  section.  However,  this  is  cumbersome  and 
such  environmental  and  temperature-dependence  tests  are  best  performed 
with  the  bend  tester  (see  below). 

The  Instron's  strip  chart  records  the  load  vs  crosshead 
position  during  each  tensile  test.  We  compute  the  failure  strength  Sf 
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(9) 


from  the  peak  load  at  failure  using: 

4yLf 

c  * 


where  d  is  the  fiber  diameter  and  y  is  the  fraction  of  the  load 
supported  by  the  fiber.  If  the  fiber  is  only  coated  with  silicone 
and  silicon  oxynitride,  y  =  1.  If.  however,  the  fiber  has  a 
coating  of  Hytrel  over  the  silicone,  we  find  that  y=.96  +  .02.  For 
the  Hytrel  coated  fiber,  we  determine  a  by  monitoring  the  strain  e 

during  the  tensile  test  with  a  50  mm  gauge  extensometer  clipped  to  the 

( 19  ) 

fiber.  We  then  use  precision  Bell  Labs  measurements  of  S(e)  to 
calculate  from  e*. 

To  obtain  quantitative  strength  values,  it  is  important  to 
take  into  account  the  statistical  variation  of  the  strength  along  the 
length  of  the  fiber.  Even  though  the  strength  of  individual  samples 
varies  randomly,  the  mean  strength  of  a  series  of  samples  will  be  nearly 
constant.  The  statistical  distribution  of  fiber  strengths  can  be  well 
approximated  by  a  Weibull  distribution:1'2^) 


F(S)  *  1  -  exp  [(S/S0)m]  (10) 

where  S  is  the  failure  stress,  F  is  the  cumulative  probability  of  failure 
at  all  stresses  i  S,  and  both  m  and  SQ  are  constants  for  a  given  fiber.  The 
constant  m  is  called  the  Weibull  slope.  The  standard  deviation  os  of 
the  strength  distribution  satisfies 

Sn 

o.  -  1.22  —5—  (11  ) 

m 

For  our  fibers ,  the  Weibull  slope  of  the  Instron  data  is  typically  20-120, 
so  that  o$  is  ]%  to  6%  of  SQ  (see  Figure  25  ).  The  mean  strength  of 
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tests  of  groups  of  N  samples  have  a  standard  deviation  about  the  mean  of 
Og/^rT.  In  our  fiber  testing  program,  each  group  of  fibers  contains 
N=25  samples.  Therefore  the  mean  strengths  are  accurate  to  a  standard 
deviation  of  0.25%  to  1.25%  of  SQ,  for  an  m  of  20-120.  The  95%  confidence 
level  (  +  2  standard  deviations)  is  +  0.5%  to  2.5%  of  S  . 

In  analyzing  the  Instron  test  data  for  any  one  group  of 
fibers,  we  count  only  those  samples  which  break  between  the  two  grips 
and  not  those  which  break  on  the  grips.  The  small  proportion  of 
samples  which  break  on  the  grips  cannot  be  used  for  meaningful  data 
because  the  stress  is  not  precisely  known  in  the  gripped  area.  We  then 
enter  the  data  into  the  analysis  program  which  graphs  the  data  on 
Weibull  probability  axes  (In  S  vs  In  In  [l-F(S)]'1 ).  This  program  uses 
a  linear  regression  routine  to  compute  a  least  squares  fit  to  the  data, 
and  also  to  compute  the  coefficient  of  determination  for  the  data. 

If  the  coefficient  of  determination  is  less  than  0.70,  the  program 
automatically  eliminates  the  lowest  strength  data  point  in  the  group 
and  recomputes  F(S).  It  then  recomputes  the  least  squares  fit.  If 
the  coefficient  of  determination  is  still  less  than  0.70,  the  program 
eliminates  the  second  lowest  strength  data  point.  If  necessary, 
additional  data  points  are  eliminated  from  the  lower  end  of  the  strength 
distribution  until  the  coefficient  of  determination  is  >0.70.  This 
procedure  eliminates  any  strength  points  which  belong  to  the  lower 
strength  mode  if  the  distribution  is  bimodal.  These  points  in  the 
lower  strength  mode  must  be  eliminated  because  they  are  not  representa¬ 
tive  of  the  majority  of  the  fiber  and  the  number  of  them  present  in  a 
group  of  25  is  typically  only  0-1.  The  low  number  present  in  any  group 


-49- 


results  in  a  significant  statistical  variation  in  the  contribution  of 
these  lower  strength  mode  points  to  the  overall  mean  strength  of  the 
group.  A  more  meaningful  mean  strength,  subject  to  less  statistical 
variability,  is  obtained  by  omitting  these  points. 

In  Table  III  ,  we  summarize  the  Instron  strength  results  for  a 
number  of  silicon  oxynitride  coated  fibers.  As  discussed  in  Section  2.4  , 
the  strength  is  affected  by  the  composition  of  the  films,  so  we  list  in 
Table  III  the  partial  pressures  of  the  reactants  and  Si H4  plus  that 
of  the  carrier  N£.  This  table  also  lists  the  mean  strength  of  the  fiber 
and  its  Weibull  slope,  both  measured  at  1000  mm/min  on  the  Instron. 

When  only  the  carrier  gas  is  present  (e.g.  #1253)  there  is  no 
oxynitride  coating  deposition  and  the  strength  of  the  fiber  is  5.0  GPa, 
the  value  for  conventional  fused  silica  fiber.  With  the  normal  reac¬ 
tion  conditions  (0.494/0.494/0.013  partial  pressures),  the  strength  is 
typically  2.8  GPa.  When  the  reactant  partial  pressure  is  reduced  by  a 
factor  of  3  from  normal  (e.g,  #1251),  the  strength  drops  to  2.2  GPa. 

When  the  N2  flow  is  off,  the  strength  is  2. 4-2. 5  GPa  for  a  NH3/$iH4  ratio 
of  42  (e.g.  #1310)  but  3.4  GPa  for  a  NH3/SiH4  ratio  of  80  (e.g.  #1320). 

The  differing  oxynitride  coating  compositions  in  this  table 
also  exhibit  differing  degrees  of  fatigue  resistance.  This  aspect  of  the 
fiber  strength  is  discussed  in  Section  4.4  .  Optimization  of  the  overall 
static  fatigue  performance  must  take  into  account  both  the  mean  strength 
and  the  fatigue  resistance,  and  is  discussed  in  Section  5.0. 

4.3.2  20  Meter  Tensile  Test 

A  second  instrument  used  in  the  HP  optical  fiber  strength  tests 
is  the  20  m  tensile  tester.  This  machine  (see  Figure  26  ),  designed  and 
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Table  III 

Tensile  strength  of  140  ym  diameter 
Silicon  oxynitride  coated  HP  fibers. 


Fiber  No. 

Partial  Pressure 

N2  NH3  SiH4 

Mean  Strength 
(GPa) 

Weibull  Slope 
(m) 

1150 

0 

.978 

.022 

2.2 

30 

1170 

.494 

.494 

.012 

2.4 

18 

1240 

.494 

.494 

.012 

2.9 

60 

1251 

.830 

.166 

.004 

2.2 

23 

1252 

.494 

.494 

.012 

2.5 

41 

1253 

1.00 

0 

0 

5.0 

31 

1290 

.494 

.494 

.012 

2.5 

62 

1300 

0 

.977 

.023 

2.5 

51 

1310 

0 

.977 

.023 

2.4 

37 

1320 

0 

.987 

.012 

3.4 

28 

0040 

.491 

.491 

.017 

2.7 

32 

1570 

.494 

.494 

.013 

2.7 

50 

1600 

.494 

.494 

.013 

2.8 

20 

1601 

.494 

.494 

.013 

2.7 

66 

1631 

.494 

.494 

.013 

2.8 

37 

SI  20 

.494 

.494 

.013 

2.9 

59 

1610 

.494 

.494 

.013 

2.8 

52 

built  in  house,  tests  20  m  samples  of  fiber  at  strain  rates  up  to 

3.3  x  10  s  (i.e.  crosshead  speeds  up  to  4000  mm/min).  An  elec¬ 
tronic  tension  guage  on  the  moving  crosshead  measures  the  load  on  the 
fiber  (maximum  load  up  to  100  N).  The  tension  output  is  plotted  on  a 
strip  chart  recorder  allowing  determination  of  the  failure  stress  using 
Equation  9. 

This  instrument  is  best  suited  to  the  determination  of  the  sta¬ 
tistical  distribution  of  failure  strengths  of  the  weaker  flaws  in  a  fiber 
with  a  bimodal  flaw  distribution.  The  rate  of  testing  is  over  1  km  per 
working  day.  The  major  disadvantage  of  this  test  is  that  it  is  a  de¬ 
structive  test,  with  each  20  m  sample  being  tested  to  failure.  For  this 
reason,  testing  of  weak  points  is  now  conducted  entirely  with  the  proof 
tester  (see  below)  which  provides  much  of  the  same  information  in  a 
non-destructive  fashion.  As  discussed  below  in  the  section  on  prooftest¬ 
ing,  cross  comparison  tests  have  been  made  which  have  shown  excellent 
agreement  between  the  prooftest  data  and  the  20  m  test  data. 

4.3.3  Proof  Test 

Our  optical  fiber  strength  tests  rely  on  a  continuous  fiber 
prooftesting  machine  (see  Figure  27)  for  evaluation  cf  the  distribution 
of  weak  points  in  fibers.  This  machine,  designed  and  built  in  house, 
tests  fibers  at  speeds  up  to  1.0  m/s  at  loads  of  0  to  45  N  (i.e.  up  to 
3.0  GPa  [=435  kpsi]  for  140  urn  fiber  diameter).  The  fiber  is  wound  from 
one  reel  onto  a  second  reel,  and  is  stressed  between  the  two  reels.  The 
stressing  is  accomplished  bypassing  the  fiber  through  two  dri  ve  capstans.  The 
second  drive  capstan  pulls  the  fiber  faster  than  the  first,  so  that 
the  section  of  fiber  between  the  capstans  (1.0  m  in  length)  is  continuously 


stressed.  Between  the  two  capstans,  the  fiber  passes  around  a  pulley 
mounted  on  an  electronic  Tensitron^™^  gauge  which  measures  the  fiber  tension. 
The  proof  tester  features  a  level -winding  takeup  mechanism,  as  well  as  a 
servoed  takeup  drive  which  maintains  only  25  g  fiber  tension  ( i  .e. ,  a  stress 
of  16  MPa)  on  the  takeup  reel.  If  the  fiber  breaks,  the  reduction  in  the 

Tensitron^™)  output  automatically  stops  the  machine. 

Reduction  in  the  minimum  guaranteed  strength  could  be  caused 

by  dynamic  fatigue  during  the  stress  unloading,  but  our  proof  tester  avoids 
this  problem  by  using  rapid  stress  unloading.  For  example,  at  1  m/sec  and 
s  *  0.70  GPa,  the  unloading  rate  is  s  >  3.5  GPa/s.  This  proof  tester 

reliably  tests  the  strength  of  Hytrel -jacketed  fiber.  We  see  no  evidence  of 
the  creation  of  any  new  flaws  by  the  proof  tester.  We  have  proof  tested 
one  300  m  section  of  fiber  at  2.1  GPa  for  ten  successive  proof 
test  runs  without  experiencing  any  failures.  Also,  we  have  used  a  different 
section  of  fiber  and  determined  that  the  fiber  failure  probability  follows 
the  Weibull  distribution.  In  this  second  test,  the  fiber  was  stressed  in 
9  proof  test  runs,  each  at  a  successively  higher  stress.  After  the  comple¬ 
tion  of  these  tests  the  failure  points  were  plotted  on  a  Weibull  graph  (see 
Figure  28).  Then  the  remaining  fiber  was  tested  to  failure  in  our  20  m 
tensile  tester  (see  above).  The  failure  points  from  the  two  test  machines 
all  fell  on  a  smooth  curve,  indicating  that  the  proof  tester  had  not 

measurably  degraded  the  fiber  strength  distribution. 

(TM) 

The  fiber  does  need  to  be  Hytrel -jacketed  in  order  to  be  proof 
tested  because  the  bare  silicone  layer  would  be  damaged  by  the  capstans. 

An  exception  is  that  tests  up  to  0.35  GPa  can  be  performed  on  unjacketed 
fiber  without  damage.  At  these  low  stresses,  the  forces  exerted  by  the 
capstans  on  the  bare  silicone  arc  small  enough  that  the  silicone  is  un¬ 
damaged.  Table  II  (page  44)  summarizes  the  proof  test  yield  of  recent 
silicon  oxynitride  fiber. 
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then  tested  in  the  horizontal  tensile  tester 


4.3.4 


Bend  Fracture  Test 


Another  test  instrument  used  in  the  HP  optical  fiber  strength 

tests  is  the  bend  fracture  tester.  This  is  a  small  portable  apparatus 

(see  Fig.  29  )  designed  and  built  at  HP  along  the  lines  of  the  device  de- 

(271 

scribed  by  France  et  al.  '  Sections  of  fiber  are  bent  between 
two  flat  plates  as  the  two  plates  are  driven  together  at  a  constant 
velocity.  The  plate  separation  D  at  the  moment  each  section  of  fiber 
fractures  is  recorded.  From  that  separation,  the  radius  of  curvature  R 
of  the  fiber  at  fracture  and  the  strain  e  on  the  outer  surface  of  the 
fiber  are  calculated  from 

df 

e  =  — -  ;  R  =  0.42  D  (12) 

2R 

where  R  is  the  radius  of  curvature  and  d^  is  the  fiber  diameter.  The 

stress  on  the  outer  surface  is  then  deduced  from  the  known  relation- 
( 19) 

shipv  1  between  stress  and  strain. 

The  bend  fracture  tester  is  well  suited  to  tests  of  fiber 
strength  in  a  variety  of  environments  and  at  a  variety  of  temperatures 
(see  below).  It  is  also  suitable  for  testing  pieces  of  fiber  after  they 
have  been  aged  or  subjected  to  various  environments  because  it  can  test 
10  cm  long  pieces  with  a  variety  of  coatings. 
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4.3.5 


Temperature  Effects 

Using  the  bend  fracture  tester,  we  have  performed  tests  or 

fibers  at  temperatures  from  -196°C  to  +200°C  in  environments  including 

liquid  nitrogen,  acetone,  ambient  air,  hot  water,  and  silicone  oil. 

Results  to  date  are  shown  in  Figure  30  .  The  conventional  fiber  increases 

substantially  in  strength  as  the  temperature  is  decreased,  and  at  liquid  ^ 

(28) 

temperature  its  strength  approaches  the  theoretical  value  predicted'  '  for  SiC^. 
The  large  change  in  strength  between  ambient  and  liquid  is  a  manifesta¬ 
tion  of  the  substantial  stress  corrosion  present  in  S i 0^  fibers  at  ambient 
temperatures.  In  contrast,  the  silicon  oxynitride  coated  fiber  exhibits 
only  a  small  temperature  dependence.  This  is  the  behavior  that  would  be 
expected  for  a  fatigue  resistant  fiber. 

Other  features  of  the  curves  in  Figure  30  include  the  slight 
rise  in  strength  above  ambient  temperatures  in  silicone  oil  for  the 

( 29 ) 

conventional  fiber.  This  is  in  agreement  with  earlier  Rolls  Royce  data' 
and  is  consistent  with  the  hypothesis  that  there  is  less  ambient  moisture 
available  at  the  fiber  surface  for  stress  corrosion  at  these  temperatures. 

In  contrast,  tests  performed  in  95°C  water  show  a  significant  strength 
reduction  for  the  conventional  fiber.  For  the  silicon  oxynitride  coated 
fiber,  they  show  only  a  slight  reduction  consistent  with  its  higher 
fatigue  resistance. 
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Figure  30.  Strength  measured  in  bend  test  as  a  function  of  temperature 
for  fiber  1252  (ox.yni  trided)  compared  to  a  conventional  (non 
oxyni trided)  fiber. 


4.3.6 


Aging  Effects 

Zero  stress  aging  studies  in  water  have  also  been  initiated  on 
both  nitnded  and  non-nitrided  fiber  using  the  bend  tester.  To  date, 

0,  10,  100  and  1,000  hr  aging  tests  have  been  completed.  The  data  are 
shown  in  Figure  31,  and  indicate  no  reduction  in  strength  upon  aging  for 
the  non-nitrided  fiber,  in  agreement  with  other  observations^*"^.  The 
silicon  oxynitride  coated  fiber;'  however,  exhibits  a  very  small  reduction  in 
strength  with  time,  indicating  clearly  the  presence  of  a  different  fracture 
mechanism  in  this  type  of  fiber.  The  data  indicate  that  a  nitrided  fiber 
with  an  initial  fast  fracture  strength  of  2.9  GPa  will  experience  an  extra¬ 
polated  strength  reduction  of  14%,  down  to  2.5  GPa ,  after  immersion  in  water 
for  100,000  hr.  This  reduction  does  not  constitute  a  significant  liability, 
and  may  actually  provide  useful  diagnostic  information  about  the  stress 
corrosion  and  fracture  phenomena  in  the  nitride  film. 

We  have  determined  that  the  decrease  in  strength  of  the  silicon 
oxynitride  coated  fiber  during  stress-free  aging  is  not  caused  by  stress 
corrosion.  The  only  way  that  stress  corrosion  could  be  responsible  would 
be  if  a  large  tensile  stress  were  present  in  the  oxynitride  film.  For  the 
fiber  shown  in  Figure  31,  the  stress  corrosion  properties  have  been 
measured,  and  u  =  .0078  +  .0125  (See  Section  4).  In  order  for  stress 
corrosion  to  cause  a  measureable  degradation,  the  intrinsic  stress  present 
in  the  film  would  have  to  be  nearly  equal  to  the  strength  of  the  film. 
However,  the  time  dependence  of  strength  would  follow  a  curve  very  different 
in  shape  than  that  observed  -  it  would  be  horizontal  and  then  abruptly  drop 
to  zero.  The  aging  in  Figure  31  may  well  be  a  corrosion  phenomenom  but  we 
conclude  that  it  is  not  the  type  of  stress-assisted  corrosion  responsible 
for  static  fatigue. 
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5.0  Fiber  Fatigue 

5.1  Introduction 

Fatigue  in  silica  fibers  has  been  shown  to  be  caused  by  chemical 
reactions  which  break  bonds  in  the  lattice^29, 31 ^ .  These  bond 
breaking  reactions  only  take  place  in  the  presence  of  three  factors: 
tensile  stress  which  stretches  the  lattice  bonds,  reacting  species  (such 
as  0H~,  H+  and  Na+),  and  a  temperature  high  enough  to  produce  an  appreciable 
reaction  rate.  Ambient  temperatures  and  ambient  concentrations  (at 

30  -  80%  R.H.)  are  high  enough  to  produce  appreciable  reaction  rates  and 
subsequent  stress  corrosion. 

As  will  be  discussed  further  below,  the  static  fatigue  caused 
by  stress  corrosion  in  conventional  fiber  requires  a  reduced  allowable 
service  stress  (for  10  year  service  life)  of  only  39%  of  the  stress  that 
the  fiber  could  survive  for  a  1  second  proof  stress.  However,  by  pre¬ 
venting  the  environmental  reactants  from  contacting  the  silica  by  means 
of  the  silicon  oxynitride  coating,  we  find  that  the  stress  corrosion  is 
substantially  affected.  A  small  stress  corrosion  susceptibility  is  still 
present  in  our  silicon  oxynitride  coated  fiber,  but  as  will  be  seen,  the 
allowable  service  stress  approaches  the  proof  stress  level  for  this  fiber. 
This  remaining  stress  corrosion  susceptibility  indicates  that  the  amorphous 
vitreous  si  1  icon  oxynitride  coating  experiences  stress  -  assisted  crack 


growth,  but  at  a  greatly  reduced  rate  than  that  found  for  amorphous  SiC^. 

The  relationship  between  stress  S$  and  mean  time  to  failure 
t.  under  static  stress  is^  32,93 

5  r-  ,  v  ^ 


log  Ss  =  -u  log 


(— ) 

t$  +  u  log  BS.j  \  u  '  , 


where  is  the  inert  strength  of  the  weakest  flaw,  B  is  a  constant  for  a 
given  glass  composition,  crack  geometry  and  environment,  and  u  is  the 
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fatigue  parameter.  The  fatigue  parameter  u  is  the  inverse  of  the  crack 

velocity  exponent  n.  For  fatigue  resistant  fibers,  n  becomes  large. 

Experimentally,  n  is  determined  through  a  least  squares  fit  (as  discussed 

below), and  when  it  becomes  large  it  becomes  so  poorly  defined  that  it  can 

confuse  rather  than  clarify  the  comparison  of  fiber  properties.  For 

example,  u  =  0.005  +  0.003  corresponds  to  n  =  200  (+300,  -75). 

In  addition  to  performing  static  fatigue  lifetime  tests,  we 

measure  u  with  stress-rate  dependent  tensile  tests,  which  are  much  less 

time  consuming  and  which  have  been  shown  to  yield  the  same  fatigue 
(34  ) 

parameter'  .  In  these  tests,  the  mean  failure  stress  varies  with 
applied  stress  rate  S  according  to^’^ 


where  the  parameters  are  the  same  as  in  Equation  (  13).  We  obtain  u 


P?-) 


from  the  slope  of  log  vs.  log  S  and  obtain  jBS^  \  u  /J  from  the 
intercept.  Using  the  parameters  determined  from  the  strain  rate  test,  we 
can  use  Equation  (13)  to  plot  a  prediction  of  t$  vs.  Ss. 

For  conventional  fibers  with  a  pure  surface,  u  is  0.035  - 
0.060  (n=  16  -  29)  depending  upon  humidity,  while  the  fast  fracture 
strength  (at  c  »  0.002  s"^ )  is  4.9  GPa.  The  static  fatigue  lifetime  of 
such  a  fiber  is  shown  in  Figure  32  (for  u  =  0.050).  Examination  of  this 
figure  reveals  what  properties  a  fatigue-resistant  fiber  would  need  in  order 
to  outperform  the  conventional  one.  For  example,  a  fiber  having  u  ■  0  (n  =  ■«) 
and  a  fast  fracture  strength  of  2.9  GPa  would  survive  higher  static  stresses 
than  a  conventional  fiber  in  any  static  test  lasting  longer  than  1  day. 
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STRESS  (kpsi) 


Figure  32.  Mean  time  to  failure  vs.  static  applied  stress  for 
typical  conventional  fiber  with  Si O2  surface.  Fas 
fracture  strength  *  4.9  GPa,  u  *  0.050  (n  =  20). 


5.2  Oynamic  Fatigue  Results 

Table  IV  summarizes  results  of  the  stress-rate  dependence  tests 
(dynamic  fatigue)  performed  with  the  Instron  Tensile  Tester  as  described 
above.  This  table  includes  the  140  ym  diameter  silicon  oxynitride  coated 
fibers  (similar  results  have  been  obtained  in  the  less  extensive  tests 
performed  to  date  on  125  ym  diameter  silicon  oxynitride  coated  fibers. 

The  fatigue  parameter  u  (determined  from  linear  regression) 
is  listed,  as  well  as  the  projected  static  stress  required  for  1  hour 
and  100  year  lifetimes  based  upon  Equation  13.  When  only  the  carrier 
gas  is  present  (e.g.  #1253)  there  is  no  oxynitride  coating  and  the  fatigue 
coefficient  is  u  5  .088  +  .00 3  ,  which  is  within  the  range  typically  found 
for  conventional  fused  silica  fiber.  With  the  normal  reaction  conditions 
(partial  pressures  of  .494/. 494/. 013),  the  fatigue  parameter  is  always 
<0.009.  When  the  partial  pressures  of  the  reactants  are  reduced  by  a 
factor  of  three  (#1251)  the  fatigue  parameter  is  higher.  When  the  Nj 
flow  is  off,  the  fatigue  parameter  is  higher  once  again.  This  behavior 
indicates  that  there  is  an  optimum  range  of  the  ratio  of  [reactant  partial 
pressure]/[carrier  gas  partial  pressure], 

5.3  Static  Fatigue  Results 

Static  Fatigue  tests  of  si  1  icon  oxynitride  coated  fi bers  (and  conven¬ 
tional  fibers)  have  been  performed  using  the  mandrel  technique.  Sections 
of  fiber,  1-3  m  in  length,  are  helically  wound  on  stainless  steel  rods  of 
uniform  precisely  measured  diameter.  Low  winding  tension  of  30-50g 
(*  20-35  MPa)  is  used  so  that  the  stress  in  the  fiber  is  determined  entirely 
by  its  bending  curvature.  For  a  fiber  of  diameter  d^,  the  strain  e  at 
the  surface  of  the  fiber  Is 

€(♦)  =  — -  cos*  »  (15) 

2R 
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Table  IV.  Dynamic  fatigue  of  140  u m  diameter  silicon 
oxynitride  coated  HP  fibers. 


Fiber.  No. 

Partial 

n2 

Pressure 

NH3  SiH4 

u 

1150 

0 

.978 

.022 

.0097  +  .0141 

1170 

.494 

.494 

.012 

.0130  +  .0280 

1240 

.494 

.494 

.012 

.0122  +  .0101 

1251 

.830 

.166 

.004 

.0151  +  .0247 

1252 

.494 

.494 

.012 

.0078  +  .0125 

1253 

1.00 

0 

0 

.1178  +  .0293 

1290 

.494 

.494 

.012 

.0093  +  .0094 

1300 

0 

.977 

.023 

.0149  +  .0134 

1310 

0 

.977 

.023 

.0288  +  .0114 

1320 

0 

.987 

.012 

.0344  +  .0274 

1570 

.494 

.494 

.012 

.0070  +  .0124 

Projected  static 
failure  stress  (GPa) 
1  hr  100  yr 


1 .96  +  .21  1.71  +  .36 

2.36  +  .45  1.98  +  .76 

2.57  +  .20  2.17  +  .41 

1.85  +  .32  1.50  +  .60 

2.30  +  .22  2.06  +  .45 

1.73  +  .30  0.35  +  .15 

2.25  +  .16  1.98  +  .33 

2.11  +  .21  1.72  +  .40 

1.73  +  .12  1.17  +  .23 

2.37  +  .41  1 .48  +  .65 

2.40  ♦  .21  2.18  +  .44 


6 


r. 


where  R  is  the  radius  of  curvature  of  the  fiber  and  f  is  the  azimuthal 

angle  relative  to  the  plane  of  the  bend.  The  outer  surface  of  the  fiber 

(<l>=0o)  is  under  tensile  stress  while  the  inner  surface  of  the  fiber 
(<J>  =  180°)  is  under  compressive  stress. 

The  fracture  of  a  fiber  under  bending  stress  will  normally 
occur  at  cracks  on  the  outer  surface  of  the  fiber  because  the  stress  is 
highest  there.  In  actuality,  a  sizeable  fraction  of  the  fiber  surface 
area  experiences  nearly  the  maximum  tensile  stress  (14%  of  the  surface 
area  experiences  stress  a  90%  of  the  maximum  stress).  So  the  effective 
gauge  length  of  fiber  under  test  is  approximately  14%  of  the  1-3  m  total 
length  which  is  wound  around  the  mandrel. 

To  set  up  our  mandrel  tests,  we  hold  the  mandrel  in  a  special 

fixture  having  one  chuck  to  hold  each  end.  A  motor  rotates  the  assembly 

at  constant  speed  while  a  level  winder  guides  the  fiber  onto  the  mandrel. 

A  small  braking  tension  is  applied  to  the  payout  axle  to  keep  the  fiber 
snugly  wrapped  around  the  mandrel,  and  the  ends  are  secured  by  wrapping 
tape  around  them. 

The  time-to-fai lure  of  the  fibers  is  monitored  by  visually 
checking  the  mandrels  daily.  The  fibers  under  test  are  only  coated  with 
silicone,  and  will  unwind  from  the  mandrel  when  they  fail.  Typical  life- 
test  data  is  shown  in  Figure  33,  where  it  is  compared  to  the  predictions 
from  the  dynamic  fatigue  test.  We  have  excellent  agreement  between  the 
predictions  and  the  measurements.  The  scatter  in  the  static  fatigue  data 
for  conventional  fibers  probably  originates  from  variations  in  the  environ 
ment  or  the  chemical  conditions  at  the  surface  of  the  fiber. 


-68- 


1C  STRESS  (GPa) 


1  Month 


10  Years 


TIME  TO  FAILURE  (sec) 


Figure  33.  Static  fatigue  comoarlson  between  oxynitride  coated 

fiber  and  conventional  fiber  at  22°C  in  air  at  50%  R.H 


STRESS  (kpsi) 


According  to  thesedata,  the  silicon  oxynitride  coated  fiber 
has  a  longer  mean  time  to  failure  than  the  conventional  fiber  at  any 
stress  lower  than  2.3  t  0.1  GPa  (330  +  10  kpsi).  For  the  oxynitride 
.coated  fiber,  the  static  fatigue  strength  for  30  year  stress  duration  is 
85%  of  that  for  1  second  stress  duration,  tn  contrast,  the  static 
fatigue  strength  of  conventional  fiber  for  30  year  stress  duration  is 
37%  of  that  for  1  second  stress  duration.  The  substantially  reduced 
static  fatigue  of  the  silicon  oxynitride  coated  fiber  has  a  dramatic 
impact  on  the  proof  stress  requirement  to  assure  a  specific  lifetime  under 
a  specific  static  stress.  For  example,  to  assure  a  lifetime  of  30  years 
under  2.0  GPa  static  stress,  the  silicon  oxynitride  coated  fiber  would 
need  to  pass  a  1  second  proof  stress  at  2.35  GPa,  while  a  conventional 
fiber  would  need  to  pass  a  1  second  proof  stress  at  5.40  GPa. 

Static  fatigue  tests  using  mandrels  are  also  conducted  in 
deionized  water  at  temperatures  of  ambient  to  +85°C.  Figure  34  shows 
fatigue  data  for  both  oxynitride  coated  and  uncoated  fibers.  In  both 
cases  the  lifetime  is  degraded  compared  to  ambient  conditions. 

However,  the  oxynitride  coated  fiber  still  has  substantially  less  time 
dependence  of  strength  compared  to  the  conventional  fiber. 

(  TM  ) 

Additional  mandrel  tests  have  been  conducted  in  a  Blue  M 
environmental  chamber  at  temperatures  up  to  85°C  and  humidities  up  to 
85%  R.H.  Figure  35  shows  data  from  these  tests,  which  are  quite  similar 
to  those  in  water  immersion. 
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35.  Static  fatigue  data  in  80°C  water. 
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5.4 


Cycl ic  Fatigue 

Polycrystalline  coatings  have  been  used  by  other  workers ^ 
to  achieve  fatigue  resistance  in  silica  optical  fibers.  However,  such 
coatings  are  susceptible  to  a  serious  cyclic  fatigue  problem  arising  from 
the  anisotropic  nature  of  each  crystallite  and  the  relatively  low  yield 
strain.  Under  cyclic  strain  of  only  0.7%,  polycrystall ine  aluminum  films 
experience  substantial  deformation,  which  leads  to  optical  loss  in  the 
fiber  from  microbending,  and  also  to  the  likely  development  of  pinholes. 
These  pinholes  allow  atmospheric  water  to  directly  attack  the  silica 
surface,  nullifying  the  fatigue  resistance  of  the  coating. 

The  silicon  oxynitride  films  being  fabricated  in  this 

contract  are  vitreous  and  amorphous.  Because  of  their  isotropic  nature, 

they  should  not  form  pinholes  under  cyclic  strain.  Also,  the  coating 

thickness  is  a  thousand  times  less  than  the  metallic  coatings  discussed 
(4) 

above'  greatly  reducing  the  potential  for  microbending  loss.  The  yield 
strain  is  not  known  for  thin  amorphous  silicon  oxynitride  films  of  the 
type  we  are  fabricating,  and  it  is  possible  that  some  sort  of  deformation 
might  occur  at  high  strains  if  the  film  yields.  To  check  the  behavior 
under  cyclic  strain,  we  used  a  section  of  fiber  1291  (gauge  length  0.35  m) 
on  our  Instron  tensile  tester,  and  cycled  the  load  between  0  and  34  N  (cor¬ 
responding  to  0%  and  3.1%  strain,  resDectively)  at  a  rate  of  1  cycle  per 

27.5  s.  For  this  fiber,  the  fast  fracture  strength  was  2.5  0na.  The  fiber 
was  cycled>6,000  times  without  fracturing,  and  the  test  was  terminated  only 
so  the  Instron  could  be  used  for  other  purposes.  This  result  indicates 
that  no  catastrophic  changes  in  the  silicon  oxynitride  film  were  caused  by 
cyclic  loading. 
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The  attenuation  of  the  HP  silicon  oxynitride  coated  fibers  is 
unaffected  by  the  oxynitride  coating.  One  test  demonstrating  this  involved 
the  pulling  of  one  preform  in  two  sections:  One  with  the  silicon  oxyni¬ 
tride  coating  and  the  other  without.  The  attenuation  measurement  of  the 
oxynitride  coated  portion  (see  Figure  36  )  was  4.85  dB/km  at  820  nm. 

There  was  no  discernable  difference  in  attenuation  between  the  oxynitride 
coated  and  non-oxynitride  coated  portions  of  fiber. 

To  further  test  for  any  possible  attenuation  in  the  fiber,  we 
have  conducted  another  cyclic  loading  test,  cycling  ten  times  between 
0%  and  3.0%  strain  using  a  432  m  section  of  fiber  1431.  The  stress  was 
applied  as  the  fiber  passed  between  two  capstans  during  a  rewinding 
operation,  and  the  stress  duration  at  each  point  along  the  fiber  length  was 
1.0  second.  The  attenuation  of  the  fiber  at  820  nm  was  measured  before  and 
after  the  ten  cycles.  The  two  attenuations  were  equal  within  the  ±  0.2  dB 
accuracy  of  our  attenuation  measurement  system,  showing  that  no  measurable 
microbending  attenuation  had  been  caused  by  cyclic  loading. 

Preliminary  optical  absorption  measurements  on  short  pieces  of 
oxynitride  coated  fiber  indicate  increased  absorption  of  cladding  modes  at 
400  -  700  nm  caused  by  the  silicon  oxynitride  layer.  This  absorption  has  no 
effect  upon  core  modes  as  evidenced  by  the  attenuation  measurements,  but  the 
measurement  appears  to  be  a  useful  tool  for  monitoring  the  thickness  and 
stoichiometry  of  the  film. 


ATTENUATION  (dB/Km) 


WAVELENGTH  (nm) 


Figure  36.  Spectral  attenuation  of  silicon  oxynitride 
coated  fiber. 
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7.0 


CONCLUSIONS 


A  reproducible  silicon  oxynitride  coating  process  has  been  demon¬ 
strated  which  produces  fiber  having  less  than  one-sixth  the  static  fatigue 
susceptibility  (as  measured  by  the  fatigue  parameter  u)  of  conventional  fiber. 

It  does  have  a  fast  fracture  strength  only  60%  of  that  of  con¬ 
ventional  fiber,  but  even  so.  Its  extrapolated  static  fatigue 
lifetime  is  longer  than  that  of  conventional  fiber  for  all  static 
applied  stresses  lower  than  2.2  GPa.  The  reduced  fast  fracture 
strength  is  caused  by  either  tensile  stresses  in  the  film  or  by 
reduced  film  strength  compared  to  that  of  the  pristine  silica  fiber. 

The  silicon  oxynitride  coating  does  not  cause  any  measurable  increase  in 

fiber  attenuation,  even  after  cycl  ic  stressing  10  times  to  3.0%  strain.  Ho 
cyclic  fatigue  is  evident  after >6,000  cycles  at  3.0%  strain.  The 

silicon  oxynitride  coated  fiber  has  the  same  incidence  of  flaws  in 
the  0  -  2.1  GPa  range  as  conventional  fiber  pulled  in  our  lab,  indi¬ 
cating  that  the  silicon  oxynitride  coating  does  not  introduce 
additional  flaws.  Lengths  up  to  1350  m  have  successfully  passed 
the  2.1  GPa  test  with  high  yield  as  shown  in  Table  II  on  page  44.  A 
length  of  silicon  oxynitride  coated  fiber  passing  such  a  2.1  GPa  test 
is  assured  of  surviving  for  30  years  at  1.8  GPa,  while  a  conventional 
fiber  passing  the  same  test  is  only  assured  of  surviving  30  years  at 
0.8  GPa. 
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